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The first result of the neutrino magnetic moment measurement at the Kalininskaya Nuclear Power Plant 
(KNPP) with the GEMMA spectrometer is presented. An antineutrino-electron scattering is investigated. 
A high-purity germanium detector of 1.5 kg placed 13.9 m away from the 3 GW reactor core is used 
in the spectrometer. The antineutrino flux is 2.73 x 10 13 v e /cm 2 /s. The differential method is used to 
extract the v-e electromagnetic scattering events. The scattered electron spectra taken in 6200 and 2064 
hours for the reactor on and off periods are compared. The upper limit for the neutrino magnetic moment 
fi v <5.8 x 10 _11 /i£ at 90% CL is derived from the data processing. 



1 Introduction 

In recent years a series of remarkable indications of 
the atmospheric, solar and reactor neutrino oscillations 
have been observed. Analysis of the entire experimen- 
tal data allows a conclusion that the neutrino has a fi- 
nite mass and the neutrino state mixing process to be 
defined. However, some fundamental neutrino proper- 
ties are not determined as yet. One of them is the neu- 
trino magnetic moment (NMM). For the massive neu- 
trino the Minimally Extended Standard Model predicts 
a very small NMM value which cannot be experimen- 
tally observed at present: 

3cGf „ in _i 9 m v 

Here, [is is the Bohr magneton (ps = eh/2m e ) and 
m v is the neutrino mass. On the other hand, there is 
a number of extensions of the theory beyond the Min- 
imal Standard Model where the NMM could be at a 
level of (10~ 12 -f- 10~ 10 ) \ib irrespective of the neu- 
trino massH] |2j |3l. A rough upper limit of the NMM 
value can be obtained from the astrophysical consid- 
erations, namely from the parameters of some stars at 
the last stage of their evolution when energy is released 
mainly as a neutrino flux. In this case, estimation of 
the mass of the helium star core at the moment of the 
outburst, luminosity of White Dwarfs and the neutrino 
energy spectrum at the Supernova explosion provide 
the astrophysical NMM upper limits in the range of 
(10~ 12 -7- 10~ u ) \i B 0. Note that these results are 
model dependent, and therefore it is rather important to 
make laboratory NMM measurements sensitive enough 
to reach the ~10 _11 //B region. It would allow one 



to test a large variety of NMM hypotheses beyond the 
Standard Model. 

The NMM measurements were started more than 
30 years ago. They use reactor and solar (anti)neutrinos 
in laboratory experiments. The first paper [5] on the 
observation of v-e scattering was published in 1976. 
The experiment was carried out by Reines' group at 
the Savannah River laboratory. Later, in 1989 P. Vo- 
gel and J. Engel @ derived the following upper limit 
for the NMM from these data: \i v <(2-h4)x 10 _1 Vb- 
In 1992 and 1993 the results of the reactor experiments 
performed at the Krasnoyarsk reactor by a group from 
the Kurchatov Institute [7] and at the Rovno reactor by 
a group from Gatchina [8] were published. Their NMM 
upper limits were 2.4x 10 _10 /iB and 1.9x10 /jb, re- 
spectively. 

The recent reactor experiments have been carried 
out by the MUNU and TEXONO 0H collabora- 
tions over the period 2001-2005. The MUNU NMM 
upper limit is [i v <9.0x 10~ n /iB> whereas the TEX- 
ONO experiment produced the currently best limit: 
\x v < 7.2 x 10~ n /iB (however, the method of the TEX- 
ONO data treatment and the result extraction seems to 
be questionable). Thus, over a period of thirty years the 
sensitivity of reactor experiments increased only by a 
factor 3. 

The NMM upper limit comparable with the above 
reactor results was obtained by the Super Kamiokande 
collaboration lllU in the solar neutrino investigations. 
Analysis of the recoil electron spectrum after the solar 
neutrino scattering gives fj, v <1.1 x 10~ 10 /i£. It should 
be mentioned that the NMM results in the reactor and 
Sun experiments may be different. Due to the oscilla- 
tion process, the flavor composition of the initial neu- 



trino flux changes during the propagation in vacuum as 
follows H2: 

~ (2) 
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where E v is the neutrino energy, L is the distance from 
the source, U e k is the unitary mixing matrix element, k 
labels the mass eigenstates, and the subscript e labels 
the initial flavor. Simultaneously with the change of the 
neutrino flavor composition, the effective value of the 
NMM also changes: 
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where the summations j, k are over the mass eigen- 
states, fijk are the magnetic moments or constants that 
characterize the coupling of the neutrino mass eigen- 
states Vj and Vk to the electromagnetic field. 

Above the flavour mixing in vacuum was consid- 
ered. But in the case of solar neutrinos it must be modi- 
fied for matter-enhanced oscillation (the resonant MSW 
effect). Because of this effect the solar neutrino flux at 
the Earth surface is a mixture of electron, muon and 
(possibly) tau neutrinos. Since the length of antineu- 
trino propagation in the reactor experiments is rather 
short, the neutrino flux includes only electron antineu- 
trinos. Thus, a comparison of the NMM measurements 
in the reactor and solar experiments can be highly pro- 
ductive Dana. 

In this paper, the first results of the NMM mea- 
surement by the collaboration of the Institute for The- 
oretical and Experimental Physics (ITEP, Moscow) and 
the Joint Institute for Nuclear Research (JINR, Dubna) 
are presented. The measurements are carried out with 
the GEMMA spectrometer (Germanium Experiment on 
measurement of Magnetic Moment of Antineutrino) at 
the 3 GW reactor of the Kalininskaya Nuclear Power 
Plant (KNPP). 

2 Experimental approach 

A laboratory measurement of the NMM is based on 
its contribution to the v-e scattering. For the nonzero 
NMM the v-e differential cross section is given [6l by 
the sum of the standard weak interaction cross section 
{day/ /dT) and the electromagnetic one (da em / dT); 
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where E v is the incident neutrino energy, T is the elec- 
tron recoil energy, tq is the electron radius (irrQ = 2.495 x 
10~ 25 cm 2 ) and 6w is the Weinberg angle. 



In the reactor experiments the pressurized water nu- 
clear reactors (PWR) of ~3 GW thermal power are used 
as strong sources of antineutrinos. In this case one mea- 
sures the energy spectrum of electron recoil caused by 
both weak (W) and electromagnetic (EM) scattering of 
the neutrinos, i.e. the sum of these processes, so that 
EM plays the role of unremovable background corre- 
lated with the reactor operation. Figure [T] shows the 
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Figure 1 : Weak (W) and electromagnetic (EM) cross- 
sections calculated for several NMM values. 

differential cross sections dU) and © averaged over the 
typical antineutrino reactor spectrum vs the electron re- 
coil energy. One can see two important features in this 
figure. First, because of an extremely low cross section, 
the problem of the signal-to-background ratio arises, 
which in its turn requires strong suppression of all back- 
ground components. Second, at low recoil energy (T<C 
E u ) the value of da\y/dT becomes constant, while 
da em I dT increases as T _1 , so that lowering of the de- 
tector threshold leads to the considerable increase of the 
NMM effect with respect to the weak contribution. 

More than fifteen years ago M.B.Voloshin and A.S. 
Starostin (ITEP) proposed to search for NMM by means 
of a low-background germanium spectrometer (LBGS) 
similar to ones used in the /3/3-decay experiments lfl"4l 
with 76 Ge. The idea was realized within the project 
GEMMA by the ITEP- JINR collaboration in 1997 when 
the single-crystal Ge(Li) LBGS was constructed and 
tested [ 15 ]. The LBGS has a low level of intrinsic noise 
and additional background suppression in the energy 
range below 100 keV due to absorption of the low en- 
ergy component of the external radiation by dead lay- 
ers of the germanium detector (GD). A combination 
of these advantages allows measurements in the energy 
range ~ (2 - 100) keV. In addition, the LBGS has a 
number of characteristics which open the way to reach- 
ing an ultralow level of radiation background [16]. Ra- 
dioactive impurities in the germanium crystal do not ex- 
ceed 10 -14 g/g, that is 5-7 orders of magnitude lower 
than in pure metals. Due to a small size of the GD it 



can be easily shielded with such rare and expensive ma- 
terials as oxygen-free electrolytic copper, archaeologi- 
cal lead free of radioactive 210 Pb, etc. One can use Nal 
crystals as an active shielding against the charged com- 
ponent of cosmic radiation and for suppression of the 
Compton component of external radiative background. 

3 The GEMMA Spectrometer 

The basic challenge of the experiment is to decrease 
the background level of the surface (not underground*.) 
setup, placed close to the reactor, down to the value of 
(1-2) events/keV/kg/day. During development of the 
spectrometer many different approaches were analyzed 
in order to solve this problem lfl~5l . Spectrometers with 
passive shielding and those with active shielding were 
considered. The latter approach was adopted since it 
provides better suppression of all background compo- 
nents under strong cosmic radiation and operation of the 
nuclear reactor. The detailed description of the GEMMA 
spectrometer tested under the ITEP laboratory condi- 
tions is given in lfT5l[T7l . Two important changes were 
made later during the assembling of the spectrometer 
under the KNPP reactor. Firstly, the four-crystal Ge(Li) 
detector was replaced by a one-crystal high-purity ger- 
manium detector (HPGe) of 1.5 kg in mass. Secondly, 
we abandoned neutron shielding in the form of two 8- 
cm-thick layers of borated polyethylene, since neutron 
background under the reactor was found to be substan- 
tially lower than in the surface laboratory. Besides, re- 
moving 16 cm of polyethylene, we made the spectrome- 
ter more compact and thus could increase the lead shield- 
ing against external 7-radiation. 

We use standard CAMAC and NIM modules in the 
electronic data acquisition system. The analog part op- 
erates in the following way. The HPGe preamplifier sig- 
nals (Fig. [2]) are distributed among five spectroscopic 
amplifiers. Three of them have the same gain, but dif- 
ferent shaping times (ti=2/us, T2=4/iS, T3=12//s) and 
take data in the 380 keV energy range. The forth chan- 
nel is used for the spectrum monitoring in the range up 
to 2.8 MeV. External gates for the corresponding ADCs 
are produced by a special peak-sensitive discriminator 
connected to a logarithmic amplifier (to = 1/is). It was 
found that such a trigger system provides better linear- 
ity in the wide energy range (1.5-t- 2800) keV. 

The use of three amplifiers with different shaping 
time makes it possible to suppress low-frequency (LF) 
and high-frequency (HF) circuit noises. The first one 
can be induced by 50-Hz power supply, as well as mi- 
crophonics: environmental acoustic noise, bubbling of 
liquid nitrogen in the Dewar vessel affecting the detec- 
tor cryostat, vibrations in the surrounding equipment, 




Figure 2: Analog part of the data acquisition system. 

etc. The sources of the HF circuit noises include pulse 
radiofrequency interference due to operation of the PC 
and electronic units, fluctuations of the detector dark 
current, thermal noise of the preamplifier FET. The LF 
and HF noise signals are amplified in different ways for 
different bands (tl < T2 < T3). The relation E\ = 
E2 = E% is valid for true signals and distorted for noise 
signals, which allows their discrimination ifTSl . 

4 Preparation work 

The GEMMA spectrometer is installed under the sec- 
ond reactor block of the KNPP. Before the installation, 
we measured the background caused by 7-radiation, ther- 
mal neutrons, charged component of cosmic radiation 
and radioactive aerosol pollution. The 7-radiation back- 
ground was measured with a portable germanium de- 
tector. An integral level of the radiation background 
was an order of magnitude higher than usually indoors, 
and it was caused mainly by long-lived fission products: 
' Cs and 60 Co. The measurements were repeated 
several times during the reactor ON and reactor OFF 
periods. The radiation background level was the same 
within the statistical errors in both periods. As a result, 
it was decided that the existing shielding (15 cm of Pb + 

5 cm of Cu + 14 cm of Nal) is quite enough to suppress 
the external 7-background. 

The charged component of cosmic rays (muons) was 
detected with two coincident plastic scintillator coun- 
ters of size 120x120x4 cm 3 . The absolute value and 
the angular distribution of the muon flux were mea- 
sured. Compared to the surface laboratory conditions, 
the muon flux was found to be reduced by a factor of 

6 due to passive shielding by the building structure and 
the reactor itself. At the same time, the factor of muon 
flux suppression was 10 at the angles of ±20° with re- 
spect to the vertical and only 3 at the angles of 70° -^80°, 
which corresponds to 70 and 20 meters of water equiv- 



! In more details, the angular distribution of cosmic 
muons was considered, for instance, in 1 19 1. 



alent, resp. The above passive shielding completely 
eliminates the hadronic component of the primary cos- 
mic rays. 

Neutrons were detected with a set of proportional 
3 He counters enclosed in a polyethylene moderator. The 
measurements were relative: the neutron flux at the spec- 
trometer site was compared to the flux at the surface 
laboratory. At the surface one can normally observe 
secondary atmospheric neutrons and tertiary neutrons 
due to muon capture, the fraction of the tertiary neu- 
trons being (10-^20)% [20] or about 160 n/g/year. Fast 
secondary and tertiary neutrons can be detected after 
their thermalization in the moderator. At the spectrom- 
eter site the secondary neutrons must be absent because 
of the upper passive shielding. The tertiary neutron con- 
tribution must decrease in proportion to the muon flux 
(by a factor of 6), but some additional neutrons can orig- 
inate from the reactor core. The measurements proved 
that the neutron flux at the spectrometer site is reduced 
by a factor of 30 compared to the surface. These re- 
sults correspond to the above muon measurements and 
indicate that the reactor neutrons are not significant. 

Much attention was paid to the contamination of 
the experimental room with a radioactive dust since the 
background level could significantly increase if radioac- 
tive dust get settled inside the shielding during the setup 
assembling. Samples were taken in different places of 
experimental room beneath the reactor and investigated 
with the GEMMA spectrometer in the ITEP low-background 
laboratory. Radioactive nuclides were identified and 
their activity was measured. In addition, different meth- 
ods of decontamination were investigated. As a result 
of these investigations, it was decided to cover the floor 
with special plastic. Once this work was done, test mea- 
surements were carried out, and it became clear that ra- 
dioactive dust contamination was significantly reduced. 

5 Reactor antineutrinos 

The setup is located under the 3-GW PWR at a distance 
of 13.9 m from the center of the reactor core. During 
the measurements at the KNPP the energy threshold 
of GEMMA spectrometer was 2.5 keV. At such a low 
threshold the recoil electron spectrum does not depend 
on details of the reactor antineutrino spectrum and is 
determined by the total reactor antineutrino flux <& u : 



= N f N u /4nR 2 



(6) 



where Nf is the number of fissions in the reactor core 
per second, N u is the antineutrino yield per fission, R 
is the distance from the center of the reactor core. Nf 
can be expressed in terms of the reactor thermal power 
W and an average energy Et per fission: 



The energy Ef depends on the reactor type, fuel com- 
position and time elapsed since the beginning of the re- 
actor cycle. At the beginning of the one-year reactor 
cycle the typical fuel composition is the following [21]: 

235 U: a 5 (t = 0) = 69% 

239 Pu: a 9 (t=0) = 21% ... 

238 U: a 8 {t=0) = 7% W 

241 Pu: ai (t=0) = 3% 

As 235 U burns down, the plutonium fissile isotopes 
239 Pu and 241 Pu are produced in the reactor core. The 
following fuel composition is considered as "standard": 
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and the corresponding energies Efk are: 



235y . 
239 Pu : 

238 U : 
241 Pu : 



/5 
'/8 



201.9 MeV / fission 

210.0 MeV / fission 

205.5 MeV / fission 

213.6 MeV / fission 



E f i 

The average Ef value is 

E f =Y] a k E fk = 205.3 MeV / fission. 



k 



(10) 



(11) 



From (T7T) — (ITTb one can get the following Nf value for 
the 3 GW power: 

N f (3 GW) = 9.14 x 10 19 fissions / s . (12) 

The antineutrino yield per fission N u can be repre- 
sented as a sum of two components 

N v = N F + N c , (13) 

where N F corresponds to the antineutrinos produced 
in /3-decay of the 235 U, 239 Pu, 238 U and 241 Pu fission 
products. These values were calculated several times, 
the results being in agreement to ~1%. Averaging over 
three works Il22l -i241. we get 

235 U : 

239p u 



238 U : 
241 Pu 



N F 

N F 

N F 
JV 238 

N F 

JV 241 



6.12 u e j fission 

5.53 v e / fission 

7.11 P e / fission 

6.36 D e j fission 

and the final value is 

N F = ^2 a kNj[ = 6.0 D e j fission. 



(14) 



(15) 



The second component N c corresponds to the an- 
tineutrinos emitted in /3-decay of the nuclides produced 
due to the neutron capture by 238 U: 

238 1 I „a239m P , 239 m„ Z 3 , 239r 



J U(n )7 r 9 U 



J Pu 



(16) 



The value of N c equals to 1 .2 and was first derived 
in |[25l with a precision of 5%. Finally, for the total 
number of antineutrinos per fission N v we get 7.2, and 
substitution of the N u and Nf values into © gives the 
following antineutrino flux at the GEMMA site: 

<f> v = 2.73 x 10 13 P c /cm 2 /s. (17) 



N f = W/Ef 



(7) 



6 The measurement and preli- 
minary data processing 

In order to get a recoil electron spectrum, we used a dif- 
ference method comparing the spectra measured at the 
reactor operation (ON) and shut-down (OFF) periods. 
In this work we consider ~1 year measurement from 
15.08.2005 to 20.09.2006, including 6200 and 2064 ho- 
urs of the reactor ON and OFF period^!, respectively. 
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Figure 3 : Detection efficiency measured with a pulser. 

During the measurements, the signals of the HPGe 
detector, anti-compton Nal shielding and outer anti-cos- 
mic plastic counters were collected. The energy thresh- 
old of the "hard" trigger (Discriminator in Fig. |2]) was 
as low as 1.5 keV. Detection efficiency just above the 
threshold was checked with a pulser (Fig. [3]>. The neu- 
trino flux monitoring in the ON period was done via the 
reactor thermal power measured with the 0.7% accu- 
racy. The setup was in continuous operation during all 
the period mentioned above. Some loss of the measure- 
ment time was caused by occasional failures of the ac- 
quisition electronics, regular liquid nitrogen filling (in- 
creasing the microphonic noise) and sporadic appear- 
ance of additional 7-background, mainly from 133 Xe 
(E7 = 81 keV) and 135 Xe (E7 = 250 keV), due to a 
failure of the setup gas tightness. Finally, the data pro- 
cessing was based on 5 184 hours (reactor ON) and 1853 
hours (reactor OF). 

The data processing starts with identification and 
subsequent rejection of background events. At the same 
time, the efficiency of all the passive and active shield- 
ing components was analyzed. The main effect of the 
external radiation background suppression was achieved 
due to combined passive shielding (PS). The factor of 
background suppression in the energy range from 2 keV 
up to 200 keV exceeded four orders of magnitude. A 
veto produced by the inner and outer active shielding 
signals (Nal and plastic counters) provides background 
suppression by one more order of magnitude (Fig.lU). 

In order to reduce the microphonic and electronic 
circuit noise, the simplest Fourier analysis was used. To 

2 The OFF period includes the time for the planned re- 
placement of the fuel elements, as well as the unplanned re- 
actor shutdowns caused by other reasons. 
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Figure 4: Background suppression with shielding. 



compare the pulse heights from three amplifiers (Fig. [2]), 
three 2D plots are built: (E\ vs E 2 ), (E 2 vs £3) and (£3 
vs E\). An example of such a plot is shown in Fig. [5] 
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Figure 5: Example of the Fourier analysis. 

All true events fall into a diagonal (within the en- 
ergy resolution), whereas the events caused by micro- 
phonic and electronic noise are distributed in a differ- 
ent way. The result of circuit noise suppression with 
the Fourier analysis is presented in Fig. [6] It can be 
seen that the actual energy threshold can be decreased 
down to 3 keV. 

After the selection of true signals, ON and OFF en- 
ergy spectra normalized to the measurement live time 
were constructed. The normalization takes into account 
the PC dead time (normally less than 1%) and random 
coincidences with the veto signals (about 4%). The 
statistics loss caused by the Fourier analysis (<1%) was 
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Figure 6: Noise suppression with the Fourier analysis. 



estimated from the difference of the background 7-line 
intensities. 

Energy spectra shown in Figs. @] and [6] give an idea 
of the background level and its origin. As is seen from 
the figures, the count rate in the energy range from 30 
to 45 keV was ~ 2 events/keV/kg/day. Table 1 shows 
the most intense 7-lines measured with the GEMMA 
spectrometer at the ITEP laboratory and at the KNPP. 

Most of the 7-lines originate from long lived fission 
products ( 137 Cs, 134 Cs, 60 Co), natural 238 U and 232 Th 
chains, and 40 K. One can see that the U-chain back- 
ground ( 214 Bi and 214 Pb lines) at the ITEP and KNPP 
is the same, whereas the Th-chain and 40 K background 
is higher at KNPP. It can be explained by the contami- 
nation of the cryostat components in the process of re- 
placing Ge(Li) detector by the HPGe detector before 
the beginning of the measurements. The presence of 
60 Co and 137 Cs 7-lines in the KNPP spectrum is caused 
by the spectrometer contamination during the setup as- 
sembling at the KNPP. 

Several 7-lines originate from the Ge detector acti- 
vation by thermal neutrons producing 75 Ge, 77m Ge and 
77 As /3-active isotopes. A neutron shielding of borated 
polyethylene was not used in KNPP measurements. In 
spite of this fact, the neutron-induced background there 
was even lower than at the ITEP laboratory. The esti- 
mated contribution of the thermal neutrons to the back- 
ground was about 2%. 
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Origin of the line 


Intensity 
[ cnts / kg / day ] 


@KNPP 


@ITEP 


10.37 
10.30 


70 Ge(n, 7 ) 71 Ge, 11.4 d 
70 Ge(n,3n) 68 Ge, 271 d 


ll7.5±0.4 
J 


_ 


46.50 


210p b 


1.2±0.1 


— 


63.30 


234p a 


3.5±0.2 


— 


66.70 


72 Ge(n, 7 ) 73m Ge 


4.5±0.2 


5.5±1.5 


74.80 


214p b 


2.8±0.1 


5.3±1.9 


77.10 


214p b 


5.4±0.2 


7.1±1.9 


92.60 


234p a 


11.8±0.3 


— 


139.90 


74 Ge(n, 7 ) 75m Ge 


3.4±0.2 


5.0±2.0 


186.20 


226 Ra 


9.0±0.3 


2.1±0.5 


198.30 


70 Ge(n, 7 ) 71m Ge 


2.3±0.2 


3.5±1.2 


238.60 


212p b 


29.4±0.5 


7.5±1.6 


295.20 


214p b 


4.4±0.2 


5.7±1.1 


338.30 


228 Ac 


4.7±0.2 


— 


351.90 


214p b 


8.0±0.3 


7.5±0.9 


511.00 


Annihilation 


1.0±0.1 


2.5±1.0 


583.20 


208 -pj 


1.7±0.1 


— 


604.70 


134 Cs 


1.6±0.1 


— 


609.30 


214 fii 


2.4±0.1 


2.5±0.9 


661.66 


137 Cs 


8.5±0.3 


— 


727.30 


212 Bi 


2.2±0.1 


— 


911.10 


228 Ac 


8.4±0.3 


<1.0 


969.00 


228 Ac 


4.7±0.2 


— 


1173.20 


60 Co 


25.7±0.5 


— 


1332.50 


60 Co 


30.2±0.5 


— 


1460.80 


40 K 


13.4±0.1 


4.1±0.5 


1764.50 


214^ 


2.1±0.1 


1.8±0.3 


2614.50 


208 -pj 


1.8±0.1 


0.4±0.1 



Table 1: Gamma-lines 

The 7-line at 10.37 keV can be due to the germa- 
nium detector activation by both thermal and fast cos- 
mogenic neutrons. In the former case it is due to the 
(n, 7) reaction followed by e capture 



70 Ge(n, 7 ) 71 Ge 

71 Ge^ 



= 11.4 d 

71 Ga + X(Ga) 



(18) 



emitting an Auger and/or X-ray cascade with the total 
energy deposit of 10.367 keV. 

In the latter case it is caused by the (n,3n) reaction 
and is accompanied with a weak 9.659-keV line from 



Figure 7: Time evolution of the 10 keV peak. 



the decay of the granddaughter 68 Ga nucleus: 

70 Ge(n,3n) 68 Ge 

I T 1/2 = 271 d 
68 Ge ^68 Ga + x(Ga) 

I T 1/2 = 1.13 h 

68 Ga^> 68 Zn + X(Zn) 



(19) 



Branching of the second e capture is only about 10%, 
so that a slightly broadened peak with a mean energy of 
10.30 keV should be observed. 

Since the intensity of this 7-line (Fig. [7]) was almost 
constant throughout the whole measurement period, it 
is believed that the first case (TT8T ) dominates over the 
second one ( fl9l . 



7 The data processing 

At low electron recoil energy the differential cross sec- 
tions (HJ [5]> take an asymptotic form: 



daw 
do em 2.495 



1.06 x 10~ 44 cm 2 /MeV (20) 

X x 10~ 45 cm 2 /MeV (21) 
dT T ' v ' 

where the parameter X stands for the NMM squared in 
terms of 10~ 10 Bohr magnetons: 



X 



lb. 



(22) 



To convert the cross sections dow,EM /dT into the re- 
coil electron spectra Sw,em{T), one has to multiply 
(1201I2TI ) by a luminosity L which depends on the exper- 
imental conditions: 



L = N P ■ 



(23) 



where iV e =4.0 xlO 26 is the number of electrons in the 
fiducial volume of the germanium detector and the neu- 
trino flux & u is given by (fTTT ). 

At low recoil energy one must take into account 
the atomic electron binding effects [25]. The energy 
q transferred to an electron in the antineutrino inelas- 
tic scattering (both weak and electromagnetic) on the 
i-subshell is 

q = £i + T (24) 



where e$ is the binding energy of the i-subshell 1261 . 
and T is the kinetic energy of the recoil electron. If the 
energy transfer is less than the binding energy (q < £j), 
the electron cannot leave the subshell and be detected 



via the ionization mode ETl . Formally, the spectrum 
must be corrected [28 ] by a function R (Fig. [8]): 



1 



(25) 



where Z = 32 for germanium, rij is the number of elec- 
trons at the i-subshell, and the 6 factor is 



9(q - £i 



1 if q > Si 
if q < Si 



(26) 



After the correction, the recoil energy spectra be- 
come as follows: 



Sem{T) 
Sw(T) 



d°~EM D T 

~dT~ U ^ 

dcrw p T 



(27) 
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Figure 8: Correction for the electron binding energy. 

As is seen in Fig. [8l the elastic and inelastic spectra 
are the same if the transferred energy exceeds the elec- 
tron binding energy at the K-shell. The correction for 
bound electron states in the energy range from 11.1 keV 
down to the energy threshold (1.5 keV) comes to only 
6.25%. 

The data taken in the reactor ON period include two 
additional items (Sw and Sem) compared to the data 
taken in the reactor OFF period {the other conditions 
being equal) : 

S n(T) = Soff(T) + S W (T) + S EM (T, X) (28) 



In view of (12012 II ) and (|27T ). an experimental estimate 
of the NMM can be extracted for any T-value: 



X 



(S, 



ON 



Sqff — Sw) ■ T 



2.495 x 10" 45 -R-L 



(29) 



In this work, data were processed in the energy re- 
gion of interest (ROI) from 3.0 keV to 61.3 keV with a 
step of 0.1 keV. To exclude 10.37-keV and 46.5-keV 
peaks, the above range was divided into three inter- 
vals: (3.0-9.2) keV, (11.2-44.0) keV and (48.0-61.3) 
keV (Fig. [9]). Thus, with the given channel width of 0.1 
keV, we get a set of 526 values of Xi ± AXj, where 
«=[30..92, 112..440, 480..613] is the channel number 




5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 

Figure 9: Extraction of X from the experimental ROI. 

and AX; is the statistical error in each channel (the up- 
per part of Fig.[9]>. 

Distribution of Xj is shown in the right part of Fig. [9] 
as p(X). It is a sum of 526 Gaussians with centers at 
Xi and variances AX. The p(X) curve has a symmet- 
rical Gaussian-like form, which proves the absence of 
systematic deviations. A product of these 526 Gaus- 
sians represents the distribution of the probabilistic es- 
timation of the X mean value (p(X)); it is shown in 
Fig. [10] The distribution center falls below zero, in the 
unphysical region. According to the Bayes strategy rec- 
ommended by the Particle Data Group ll29l . we renor- 
malize this distribution in such a way that the area un- 
der the physical part of the curve is equal to 1. The 
integral of this part of the distribution is shown as a 
Confidence Level (CL) in Fig. [10] with a red solid line 
(dashed red line is an example of the result extraction at 
the 90%CL). 

The systematic uncertainty of the result originates 
from several sources. The uncertainty of the reactor 




-0.2 o.o 



thermal power for PWR-1000 is about 0.7%. Another 
3% uncertainty comes from the calculated value of the 
antineutrino flux <& u , which, in its turn, arises from the 
uncertainty of the reactor antineutrino spectrum. Then 
one must take into account the rejection efficiency and 
the efficiency of the Fourier analysis described above; 
they affect the final result indirectly, through the inten- 
sity of the ON and OFF spectra, and therefore have been 
included into the error bars of Fig. [9] Systematic uncer- 
tainties and the total systematic error are presented in 
Table 2. 



Uncertainty source 


AX/X 


AX 


Reactor thermal power 


0.7% 


< 


0.003 


Calculation of (ON) 


3.0% 


< 


0.015 


<f>„ during the ON^OFF transitions 


4.0% 


< 


0.020 


Correction for the dead+vetoed time 




< 


0.010 


Correction for the Fourier rejection 




< 


0.020 


Total systematic error 




< 0.035 



Table 2: Systematic uncertainties 

Considering the statistic and systematic errors, the 
following limit was derived for fj, v : 



Hv < 5.8 x IO^Vb (90%CL). 



(30) 



Figure 10: Estimation of the X mean value: probabil- 
ity (blue) and confidence level (red). 



Now the measurement is still in progress, and we expect 
to improve the GEMMA sensitivity to the NMM. 

8 Conclusion 

The first result on the neutrino magnetic moment mea- 
surement at the Kalininskaya Nuclear Power Plant 
(KNPP) obtained by the collaboration of ITEP (Mos- 
cow) and JINR (Dubna) with the GEMMA spectrom- 
eter is presented. The basis of the spectrometer is a 
high-purity germanium detector of 1.5 kg placed at the 
distance of ~13.9 m from the center of the 3 GW WPR 
and surrounded with Nal active shielding, combined 
Pb+Cu passive shielding and muon veto plastic scin- 
tillators. The antineutrino flux at the spectrometer site 
is 2.73 x 10 13 t' e /cm 2 /s. The data were taken during 
the operation of reactor (ON period = 6200 hours) and 
the reactor shutdown (OFF period = 2064 hours) from 
15.08.05 to 20.09.06. When processing the recoil elec- 
tron spectra caused by the electromagnetic and weak in- 
teractions, we took into account the effects of the elec- 
tron binding in the germanium atoms. The limit on the 
neutrino magnetic moment of \i v < 5.8 x 10~ n /iB at 
90%CL was derived from the data analysis. 

At present, the data taking is in progress. Simulta- 
neously, we are preparing the experiment GEMMA II. 
Within the framework of this project we plan to use the 



antineutrino flux of ~ 5.4 x 10 13 P e /cm 2 /s, to increase 
the mass of germanium detector by a factor of four and 
to decrease the background level. These measures will 
provide the possibility of achieving the NMM limit at 
the level of 1.5 x IO^Vb- 
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